It is now generally accepted that a proton circulating across bacterial membranes plays an essential role in ATP synthesis, transport of nutrients and ions, and motility in bacteria (4, 12) . However, Harold and Van Brunt have documented that the circulation of protons is not obligatory for the growth of Streptococcus faecalis (6) . S. faecalis has no redox pump for protons and generates a proton motive force by a proton-translocating ATPase (4, 5) . However, recent studies have revealed that a primary function of the proton-translocating ATPase is to regulate the cytoplasmic pH (8, 9) . Thus, data indicating that the generation of the proton motive force is not obligatory for growth are accumulating for S. faecalis.
There are similar data for other bacteria. In 1974, Kopecky et al. (10) showed that colicin K-treated Escherichia coli can grow on agar plates containing high concentrations of K+. Their results suggest that E. coli can grow in the absence of the proton motive force because colicin K dissipates the proton motive force (10) .
In this paper, we show that E. coli can grow in the presence of a protonophore on medium containing glucose at pH 7.5. The generation of a proton motive force was not detectable under these conditions.
MATERIALS AND METHODS
Organisms and growth media. E. coli TK1001 (F-trkDI kdpABC5 lacZ rha thi gal) and AS1 (acrA) were generously supplied by W. Epstein, Chicago University, and Y. Imae, Nagoya University, respectively. E. coli was grown at 37°C on the following media. Rich medium contained (per liter) 50 mM 2-(N-morpholino)ethanesulfonic acid-Tris buffer, 10 g of tryptone, 5 g of yeast extract, 5 mM K2HPO4, and 0.5% of an energy source at pH 7.5. The synthetic medium used was K10 medium (15 to the medium containing growing cells at 37°C. After the cells were allowed to grow for 10 min, 7 ml of the growth medium was filtered through a Whatman GF/C glass filter, and the filter was washed twice with 2 ml of the same medium, except that glucose and carbonyl cyanide-m-chlorophenyl hydrazone (CCCP) were omitted. The radioactivity on the filter was measured as previously described (8) . Before filtration, the turbidity was measured at 600 nm, and the protein concentration was calculated from the turbidity.
The cytoplasmic space used was 2.9 RI/mg of protein (2 Like strain TK1001, strain AS1 also grew on rich medium containing glucose in the presence of 50 p.M CCCP after a lag period of 3 h (Fig. 1, line 3 We observed no detectable pH gradient in cells grown in the presence of 50 ,uM CCCP at pH 7.5. In the presence of CCCP, the growth of strain TK1001 stopped immediately upon a change in the medium pH from 7.4 to 6.2. In contrast, the cells grew with a very short lag period after the same change in the medium pH in the absence of CCCP (data not shown). The cytoplasmic pH of cells grown at pH 6.2 was maintained at higher than pH 7.3 in the absence of CCCP, but no pH difference between the insides and the outsides of cells was detectable at pH 6.2 in the presence of the drug. These results suggest that CCCP functions effectively as a protonophore under our growth conditions and, consequently, that growth stops immediately after a shift in the medium pH from 7.4 to 6.2 in the presence of this drug because of the lowering of the cytoplasmic pH.
Thus, our data suggest strongly that the proton motive force is dissipated almost completely in cells grown in the presence of 50 FM CCCP.
Growth of E. coli on synthetic medium containing CCCP. In addition to growing on rich medium, strain TK1001 also grew in the presence of 50 ,uM CCCP on synthetic medium (K1O medium) containing glucose but did not grow on synthetic medium containing succinate or lactate (Fig. 2) . We measured a rate of 02 consumption by cells in synthetic medium containing glucose or succinate at 1 and 2 h after the addition of CCCP. These cells consumed more 02 than cells growing in the same medium without CCCP, suggesting that CCCP functions effectively in the growth medium. port systems for organic nutrients driven by the proton motive force are not required for the growth of E. coli, even if cells are grown on synthetic medium without the addition of organic nutrients. Interestingly, the growth rate on synthetic medium containing 50 ,uM CCCP (Fig. 2, line 1 ) was similar to that on rich medium containing 50 ,uM CCCP (Fig.  1, line 1) . In S. faecalis, a high concentration of nutrients was required for growth in the absence of the proton motive force (6) . DISCUSSION Streptococci, which have no respiratory chain, can grow in the absence of the proton motive force at ca. pH 8.0, as shown initially by Harold and Van Brunt (6) . On the other hand, it has been believed that the proton motive force is obligatory for the growth of bacteria which have a redox pump for protons. We have shown that the proton motive force is not obligatory for the growth of E. coli at ca. pH 7.5 when glucose is used as an energy source, whereas it is essential for oxidative phosphorylation. Our results do not argue against the chemiosmotic theory of bacterial bioenergetics but suggest, at least, that the energization of transport systems driven by the proton motive force is not obligatory for bacterial growth.
It is possible that CCCP is not effective under our conditions. However, our results suggest strongly that CCCP functions effectively as a protonophore under our growth conditions, and no significant proton motive force was detected in cells grown in the presence of CCCP. On the basis of these results, we conclude that the proton motive force is dissipated almost completely by CCCP under our growth conditions.
It is of interest that strain TK1001 can grow on synthetic medium containing CCCP when glucose is used as an energy source. This strain requires only thiamine as an organic nutrient for growth (15) , and so only thiamine and an energy source were added to the growth medium. Thus, it is suggested that transport systems for nutrients which are produced by cellular metabolism are not required for the growth of E. coli. However, the synthetic medium we used should contain contaminating nutrients. Thus, it is still an open question whether the working of transport systems is essential for growth when concentrations of organic nutrients are lower than those in the medium that we used. In fact, many transport systems for amino acids have a Km of <1 ,uM (1) .
An adaptation process of several hours is required for growth in the presence of CCCP. In addition, the range of an effective concentration of CCCP is very narrow (40 to 60 ,uM). These may be the reasons why data such as ours have not been reported until now. Strain TK1001 is an exception. This strain grew with a very short lag period (Fig. 1) and was isolated as a mutant defective in the K+ transport system (15) . Thus, the adaptation process may be related to K+ transport activity. However, other strains defective in K+ transport systems, for example, TK2240 (3) and TK405m (14) , were unable to grow for several hours after the addition of CCCP (unpublished observations). These results suggest the possibility that strain TK1001 may have a mutated gene related to the putative adaptation process.
It is strange that the growth of strain TK1001 in the presence of CCCP was not affected by a change in the concentration of K+ in the medium, because the K+ transport systems present in this strain are TrkA and TrkF, which require the proton motive force for activity (15) . Rich medium contains 5 to 10 mM K+. E. coli may grow in this range of K+ concentrations even if the transport system for K+ does not work. TK405m, which has only TrkF (14) , required more than 50 mM K+ for optimum growth in the presence of CCCP (unpublished observations). It has been proposed that TrkA is driven by ATP and is regulated by the proton motive force (14) . Thus, TrkA may become independ-J. BACTERIOL. 
